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Precipitation processes are widely used in industry for the production of particulate solids. Efﬁcient
mixing of the reagents is of major importance for the chemical and physical nature of the synthesized
particles. Recently, microreactors have been studied to overcome homogeneity problems found when
using stirred tank batch reactors. The present work investigated an ultrasonic tubular microreactor for
the continuous-ﬂow precipitation of hydroxyapatite (HAp), both in single-phase ﬂow (SPF) and in gas–
liquid ﬂow (GLF). HAp nanoparticles were yielded for both conﬁgurations under near-physiological
conditions of pH and temperature. The as-prepared particles, especially those that were prepared under
GLF, show improved characteristics compared to commercial powder or powder obtained in a stirred
tank batch reactor. Primary particles are smaller, particle shape is more homogeneous, and the
aggregation degree of the particles is lower.
& 2013 Elsevier Ltd. All rights reserved.1. Introduction
The synthesis of powders with controlled shape and narrow
particle size distribution continues to be a central challenge in
chemical industry. Among all the methods for producing particles,
wet chemical synthesis in stirred tank batch reactors is the most
interesting route because of its simplicity, low cost, and easy
application in industrial production (Kawase and Miura, 2007; Liu
et al., 2001; Ying et al., 2008).ll rights reserved.
x: þ351 253 678986.
).In classic colloidal chemistry, the particle formation goes through
three stages in the liquid phase, i.e., nucleation, growth companying
with Ostwald ripening, and aggregation. During reactive precipita-
tion, high levels of supersaturation are generated, leading to rapid
nucleation and growth of solid phases. Therefore, mixing effects are
signiﬁcant in determining the distribution of supersaturation and
subsequently the particle size distribution of the product. Due to the
insufﬁcient mixing in stirred tank batch reactors, the nonuniform
distribution of the nuclei and different residence times of growth
and aggregation occur, yielding particles with broad size distribution
(Chen et al., 1996; Mersmann, 1999; Trippa and Jachuck, 2003; Ying
et al., 2008). The problem becomes magniﬁed as the scale of
operation increases (Jones et al., 2005).
Fig. 1. (a) Schematic representation of the experimental apparatus and (b) picture
of a section of the GLF tubular microreactor.
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to solve a lot of limitations related to stirred tank batch reactors.
Transfer processes, mixing of reactants as well as residence time
are very fast in microstructured devices, allowing a better control
over the reaction conditions (Hung and Lee, 2007; Ja¨hnisch et al.,
2004; Kockmann et al., 2008; Song et al., 2008). Further, micro-
reactors have the ability to operate within continuous ﬂow
regimes (Hartman and Jensen, 2009), which besides being more
productive and able to promote more homogeneous reaction
conditions, yet permits the continuous variation of the chemical
composition of the reaction medium (Song et al., 2008; Zhao et al.,
2011).
However, particle processing in microchannels presents difﬁ-
culties due to parabolic ﬂow and channel clogging (Kockmann
et al., 2008). In this context, segmented-ﬂow microreactors have
been investigated, since they can narrow the residence time
distribution and generate uniform particles of narrow size dis-
tribution (Gunther and Jensen, 2006). As to channel clogging, it is
mainly caused by wall attachment of particles and by particle
aggregation. In the ﬁrst case, an accurate choice of the tube
material and/or coating of the wall can solve the problem. In the
case of particle aggregation, it can be signiﬁcantly reduced by the
use of ultrasound, as shock waves created by cavitation can
shorten the contact time between particles and prevent their
bonding together (Luque de Castro and Priego-Capote, 2007).
Hydroxyapatite Ca5(PO4)3OH (HAp) is widely used as bone
substitute material due to its exceptional biocompatibility, bio-
activity and osteoconductivity (He and Huang, 2007). As these
properties are directly related to HAp particles characteristics
(size, morphology and purity), a very good control of the reaction
conditions is required to obtain particles that meet speciﬁc
requirements, such as high speciﬁc surface area (favoured by
small crystal sizes), narrow size distribution and high purity.
In the present work, continuous-ﬂow precipitation of HAp was
carried out in a tubular microreactor immersed in an ultrasonic
bath, where single-phase (laminar) ﬂow and gas–liquid (segmen-
ted) ﬂow experiments were both performed. By this way, it is
intended to intensify the HAp precipitation process by taking
advantage of the dimensions of microreactors, which namely
provide intense mixing. Besides, application of ultrasound and
especially segmentation of the ﬂow, in addition to facilitating the
handling of particles in the microchannels, improve the mono-
dispersity of the particle synthetized. As to the operating condi-
tions, namely temperature, reactants concentration and mixing
Ca/P molar ratio, were deﬁned in order to promote spontaneous
formation of HAp under near-physiological conditions of tem-
perature (37 1C) and pH (7). Besides HAp being the most stable
calcium phosphate at human body temperature and pH, there is a
concern in preparing HAp under conditions that are more con-
ductive to the survival of bone related cells. The preparation has
to follow speciﬁc criteria, namely about pH and temperature
conditions (Kumta et al., 2005).2. Experimental procedure
2.1. Description of the ultrasonic tubular microreactor
Continuous-ﬂow precipitation of HAp was carried out in a
tubular microreactor (Fig. 1a) immersed in an ultrasonic bath,
where single-phase ﬂow (SPF) and gas–liquid ﬂow (GLF) studies
were both performed. As it is exempliﬁed in Fig. 1a, the reactor is
constituted by two main parts: a mixing chamber (Upchurch
Scientiﬁc), with two different conﬁgurations depending on the
ﬂow type, a T-mixer for SPF and a cross-mixer for GLF; and the
tubular reactor (Teﬂon PFA, Upchurch Scientiﬁc) itself of 600 mL,that consists of a spiral tube with 1.02 mm in inner diameter and
1.59 mm in external diameter. The function of the ﬁrst part of the
reactor is to mix thoroughly the reactants and in the case of the GLF
its function is also to segment the liquid mixture. The reaction
progresses in the second part of the reactor. The segmented gas is
used to separate the liquid phase in small entities (Fig. 1b). By this
way, the gas phase induces recirculation and enhances mixing
within individual liquid slugs. The result is a narrow residence time
distribution and reduced particle size polydispersity (Gunther and
Jensen, 2006; Song et al., 2008).
The reactants were fed into the set-up by means of a syringe
pump (Harvard PHD 2000) and kept at 37 1C through the use of
thermal jackets (McMaster-Carr). With regard to the gas phase,
the ﬂow rate of nitrogen was adjusted by a mass ﬂow controller
(Sierra FlowBox). The microﬂuidic connections were provided by
Teﬂon tubing (Upchurch Scientiﬁc) with 1.02 mm in inner dia-
meter. The reactor was immersed in an ultrasonic bath (VWR
model 50HT, frequency of 40 kHz and power input of 4–8 W)
to minimize the potential for clogging the reactor and to enhance
mixing. The application of ultrasound produces stable cavitation
by degassing the solvent (Mason, 1964). The so generated
pressure waves cause the particles to collide into one another
with great force, promoting faster nucleation and aggregates
breakage (Luque de Castro and Priego-Capote, 2007). Therefore,
the use of ultrasound provides a non-invasive (no added chemi-
cals or additional mechanical treatment) way of improving crystal
properties and process control. The experiments were started
with a temperature of 37 1C in the ultrasonic bath.
2.2. Powder preparation
HAp was synthesized by the mixing of a calcium hydroxide
(Sigma-Aldrich, 95%) aqueous solution (0.01926 M) and an ortho-
phosphoric acid (Mallinckrodt, 85%) aqueous solution (0.01448 M)
at 37 1C, with a mixing molar ratio Ca/P¼1.33. To facilitate the
dissolution of calcium hydroxide, the solution was previously
agitated for 24 h at 500 rpm, and at 25 1C, as its solubility decreases
with temperature (Johannsen and Rademacher, 1999). Both reac-
tants were prepared with ultra-pure water (Milli Q water, resistivity
of 18.2 MO/cm at 25 1C) and ionic force was adjusted by the
F. Castro et al. / Chemical Engineering Science 100 (2013) 352–359354addition of 6 mL of potassium chloride (Mallinckrodt, 99.8%) 4 M
solution. Then, both reactants were heated and kept at 37 1C. The
operating conditions used are presented in Table 1.
Temperature (J-KEM Scientiﬁc) and pH (needle-like tip micro
pH electrode, Thermo Fisher Scientiﬁc ORION) were continuously
measured at different time intervals at the outlet of the micro-
system. The pH electrode was calibrated with two buffer solu-
tions with pH¼7 and pH¼10 at 25 1C. The average pH was close
to 7 for all the operating conditions. As to the temperature, values
oscillated around 37 1C, since the continuous use of ultrasounds
caused a slight increase of it, particularly for the larger residence
times. All the experiments were thus conducted under near-
physiological conditions of temperature and pH, which is parti-
cularly important for the preparation of HAp powders for medical
applications (Kumta et al., 2005). Moreover, HAp is thermodyna-
mically the most stable calcium phosphate at human body
temperature and pH between 4 and 12 (Elliot, 1994).
Results obtained in our previous work (Castro et al., 2012),
where HAp precipitation was conducted in a 1 L stirred tank batch
reactor under the same conditions of reagents concentration,
mixing Ca/P molar ratio and temperature, will be used for
comparison.Table 1
Operating conditions.
Sample Flow type Liquid ﬂow
rate (mL/min)
Gas ﬂow rate
(standard mL/min)
Liquid residence
time s (min)
SPF 1 Single-
phase
ﬂow
0.152 – 3.94
SPF 2 0.304 – 1.97
SPF 3 0.608 – 0.99
SPF 4 2.0 – 0.30
SPF 5 4.0 – 0.15
GLF 1 Gas-liquid
ﬂow
0.152 1.2 0.43
GLF 2 0.304 1.2 0.39
GLF 3 0.608 1.2 0.34
GLF 4 2.0 1.2 0.19
GLF 5 2.0 2.0 0.15
GLF 6 4.0 1.2 0.12
GLF 7 4.0 4.0 0.08
Batch – – – 330
Fig. 2. XRD patterns of the particles produced in the ultrasonic SP2.3. Powder characterization
Samples were withdrawn at the outlet of the microreactor,
centrifuged (at 1500 rpm for 5 min), washed twice with ultra-
pure water and conserved in ethanol (Koptec 200 proof pure),
which stops the solid–liquid reaction (Bernard et al., 2000). For X-
ray diffraction (XRD) (PanAlytical X^Pert PRO MPD) and scanning
electron microscopy (SEM) (FEI Quanta 400FEG ESEM/EDAX
Genesis X4M, with an accelerating voltage of 20 kV) studies,
suspensions were dried at T¼80 1C for 24 h. As to SEM analysis,
samples were covered by a 10 nm gold layer. For FTIR spectro-
scopy (Bruker Vertex 70 with MCT detector), a small drop of the
suspension was put on a 1 mm thick ZnSe support, dried (80 1C)
to evaporate the ethanol and then analyzed. Finally, for particle
size distribution analysis, suspensions were collected at the end
of each experiment and directly analyzed using a Malvern
Mastersizer 2000 apparatus.3. Results and discussion
3.1. Powder synthesis
3.1.1. Phase identiﬁcation
XRD patterns of the as-prepared particles are shown in
Figs. 2 and 4. Further, Figs. 3 and 5 show magniﬁed XRD patterns
of the dominant peaks. In general, all the diffraction patterns
show characteristic peaks of HAp (JCPDS 9-0432), though GLF
2 pattern also exhibits peaks assigned to dicalcium phosphate
dihydrate (DCPD) (JCPDS 9-77) and to beta-tricalcium phosphate
(b-TCP) (JCPDS 9-169) (Figs. 4 and 5). One of the main differences
between XRD patterns of the products formed and XRD pattern
of a commercial HAp (Spectrum, minimum 40 meshes) is the
presence of broader peaks. This suggests the presence of amor-
phous phases or considerably small size particles (Siddharthan
et al., 2005; Victoria and Gnanam, 2002). Further, diffraction
patterns show sharp and high intensity peaks at 281 2y and
40.51 2y, unlike the commercial HAp pattern. Such peaks are
characteristic of high crystallinity and large grain size and their
position suggests that they are assigned to potassium chloride,
used to adjust the ionic strength. This may be explained by the
occlusion of KCl. Indeed, part of the mother liquor could have
been trapped between the aggregates, and the KCl containedF tubular microreactor and in the stirred tank batch reactor.
Fig. 3. Magniﬁed XRD patterns of the particles produced in the ultrasonic SPF tubular microreactor.
Fig. 4. XRD patterns of the particles produced in the ultrasonic GLF tubular microreactor and in the stirred tank batch reactor.
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differences between XRD patterns of the samples obtained under
laminar ﬂow (Fig. 3), there is no major inﬂuence of the residence
time on the patterns of the powders obtained. In relation to
powders prepared under segmented-ﬂow (Fig. 5), there is no
major difference between the precipitates GLF 1, GLF 3, GLF 4, GLF
5, GLF 6 and GLF 7, prepared under different residence times.
According to Fig. 5, the only difference between the XRD patterns
of those samples is due to the presence of KCL peaks, which in
some cases are barely detected. This may be explained by the
formation of less aggregated particles that facilitated the removal
of the mother liquor during the washing step. As to sample GLF 2,
as mentioned above, peaks assigned to other calcium phosphates,
namely b-TCP and DCPD were detected. Despite HAp being
thermodynamically the most stable calcium phosphate at the
existing conditions, other calcium phosphates grow faster and
therefore may appear. In these conditions the kinetic factors can
assume a decisive role and may thus explain the formation of
other calcium phosphates.FTIR spectra of the as-prepared particles are given in
Figs. 6 and 7. All the spectra exhibit the stretching and bending
vibrations of the phosphate, PO4
3, and the hydroxyl, OH ,
functional groups, characteristic of a typical apatite structure
(Koutsopoulos, 2002). The peak at 603 cm1 indicates the pre-
sence of a m4 PO43 bending mode. The strong broad band around
1037 cm1 conﬁrms the presence of the m3 PO43 mode. The
sharp peaks at 630 and 3571 cm1 belong to the stretching
vibrations of the hydroxyl group. The presence of adsorbed water
in the products formed is also veriﬁed, as a broad band from
approximately 3700 to 3000 cm1 and a peak at 1643 cm1 are
observed (Koutsopoulos, 2002; Zhou et al., 2008). This may be
justiﬁed by the low drying temperature (80 1C) and the absence of
a ripening (ageing) treatment (Osaka et al., 1991). The small band
around 875 cm1 can be attributed to the vibrational frequencies
of carbonate ions or HPO4
2 group (Koutsopoulos, 2002), which is
consistent with a carbonated HAp or calcium-deﬁcient HAp.
In some cases, spectra show a doublet at 1454 and 1428 cm1
that conﬁrms the CO3
2 carbonate mode of vibration. The
Fig. 5. Magniﬁed XRD patterns of the particles produced in the ultrasonic GLF tubular microreactor and in the stirred tank batch reactor.
Fig. 6. FTIR spectra of the particles produced in the ultrasonic SPF tubular
microreactor and in the stirred tank batch reactor.
Fig. 7. FTIR spectra of the particles produced in the ultrasonic GLF tubular
microreactor.
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B-type, where the carbonate ions occupy the phosphate ions sites
(Koutsopoulos, 2002; Landi et al., 2003). The presence of carbo-
nate ions can be explained by the absorption of CO2 from water.3.1.2. Particle size, particle morphology and particle size distribution
From Fig. 8, the powders prepared consist of nanometric-sized
particles and seem to have a rod-like shape. The as-prepared powders
were compared to a commercial HAp powder (Spectrum, minimum
40 meshes), originally submitted to granulometric separation. Both
commercial and the as-prepared powders present a certain degree of
aggregation (Table 2, Figs. 8 and 9). This phenomenon can be justiﬁed
by the amorphous nature of the particles and their small size, since
they possess a high surface area to volume ratio, resulting in a high
surface tension, which they tend to lower by adhering to one another
(Luque de Castro and Priego-Capote, 2007). Moreover, primary
particles are more easily seen for the powders prepared in the GLFtubular microreactor (Fig. 8, GLF 4 and GLF 5), when compared to
commercial HAp particles and particles prepared in the SPF tubular
microreactor (SPF 4). Particles produced under segmented ﬂow seem
to have amore deﬁned shape, while particles produced under laminar
ﬂow seem to be more amorphous (Fig. 8) and hence have higher
tendency to form aggregates. Indeed, using gas to create a segmented
ﬂow results in the formation of small reacting entities separated from
each other by gas bubbles, which reduces particle-to-particle inter-
actions, and thus the formation of aggregates (Kuhn et al., 2011).
Besides, the introduction of the gas phase creates recirculation and
thus enhances mixing within the individual liquid slugs. This leads to
a narrow residence time and reduced axial dispersion, resulting
thereby in a high degree of supersaturation and a more homogeneous
medium, favoring the formation of small and uniform particles
(Gunther and Jensen, 2006; Mersmann, 1999; Wang et al., 2007).
As to particle size distribution, for both segmented and
laminar ﬂow, one obtains a bimodal distribution, and in some
cases trimodal distribution, except for powder SPF 4 (Fig. 9 and
Fig. 8. SEM images of the particles produced in the different reactors studied.
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primary particles in the nanometer range and a population of
micrometric-sized aggregates that given the considerable differ-
ence in size, could be separated. When compared to the com-
mercial HAp particles, the as-prepared particles possess smaller
primary particles (Fig. 9). It is also important to underline that
particles produced were directly obtained from the system with-
out thermal treatment and without granulometric separation. In
the case of powders produced in the SPF tubular microreactor,
one observes that as the residence time decreases the aggregation
phenomenon is more pronounced, except for the lower residence
time (Fig. 9). It would be expected to obtain smaller particles for
higher liquid ﬂow rates, since Reynolds number are higher and
mixture efﬁciency enhanced. This results in a higher supersatura-
tion, which in turn results in rapid nucleation and growth, leadingto small particles (Mersmann, 1999; Yang et al., 2009; Ying et al.,
2008). However, smaller particles are more susceptible to aggre-
gation at the same conditions, namely at the same ionic strength
and pH conditions (He et al., 2008). In this case, smaller particles
may have formed as the liquid ﬂow rate increases, but later
aggregate given their small size. Regarding the segmentation of
the ﬂow, the results show a larger primary particles population,
when compared to the powders formed in SPF (Fig. 9 and Table 2).
Analyzing parameters of the particle size distribution (Table 2),
one can see that d10 and d50 decrease with segmentation of the
ﬂow, approximating to the particle size distribution of the
commercial HAp. A third population appears in some cases,
consisting in large aggregates of about 200 mm, probably because
primary particles are smaller and thus have higher tendency to
aggregate.
Table 2
Parameters of the particle size distribution of the powders produced in the
different reactors studied. d10: 10% of the particles are smaller than this value,
d50: 50% of the particles are smaller than this value; d90: 90% of the particles are
smaller than this value; d(4,3) equivalent volume mean diameter; span: width of
the distribution based on the 10%, 50% and 90% quantile.
Sample Particles size (lm) Span
d10 d50 d90 d(4,3)
SPF 1 0.15 1.24 43.42 22.06 34.90
SPF 2 0.14 16.96 54.20 23.06 3.19
SPF 3 0.60 32.29 62.83 34.55 1.93
SPF 4 22.59 38.30 62.70 40.90 1.05
SPF 5 0.08 0.25 38.97 17.45 155.56
GLF 1 0.09 0.42 44.56 17.63 105.88
GLF 2 0.13 12.23 53.00 23.74 4.32
GLF 3 0.15 10.35 44.23 19.87 4.26
GLF 4 0.14 13.90 40.94 16.28 3.96
GLF 5 0.13 14.88 52.33 26.18 3.51
GLF 6 0.09 0.35 87.26 24.98 249.06
GLF 7 0.11 10.76 37.67 14.25 3.49
Batch 15.48 36.22 68.11 39.47 1.45
Commercial HAp 0.15 0.59 2.44 1.31 3.88
Fig. 9. Particle size distribution of the particles produced in the different reactors
studied.
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tubular microreactor and in the stirred tank batch reactor
Particles synthetized in the stirred tank batch reactor appear to
be less crystalline than the particles formed in the ultrasonic tubular
microreactor, since its XRD pattern and its FTIR spectrum exhibit
broader peaks when compared to XRD patterns and FTIR spectra of
the powders prepared in the microreactor (Figs. 2–5). Carbonate
contamination seems to be minimized in the microreactors, as
carbonate bands at approximately 1454 and 1428 cm1 are clearly
exhibited in the spectrum of the HAp powder prepared in the stirred
tank batch reactor and in most cases are not present in the spectra
of the powders obtained in the microsystems (Figs. 4 and 5). Indeed,
systems were not open to air and carbonate ions could only come
from the water used in the preparation of the reagents.
Regarding particle size distribution of the powder formed in
the stirred tank batch reactor (Fig. 9), micrometric-sized aggre-
gates with a mean size of about 36 mm were observed. Unlike
powders prepared in the ultrasonic tubular microreactor, where
primary particles in the nanometer range where observed, HAp
produced in the stirred tank batch reactor only consists of
micrometric-sized aggregates. Due to the high surface-area-to-
volume ratio, heat and mass transfer distances are signiﬁcantly
reduced in the tubular microreactor, when compared to the
stirred tank batch reactor. These results in a rapid and intense
mixing, which, as mentioned above, results in rapid nucleation
and growth, leading to the formation of small particles (Wang
et al., 2009).4. Conclusion
HAp nanoparticles were successfully prepared in an ultrasonic
tubular microreactor, both in SPF and GLF conﬁgurations. More-
over, the as-prepared particles were obtained under near-
physiological conditions of pH and temperature, which can be
particularly relevant for bone substitution application. The effect
of operating conditions on the particles properties was investi-
gated. It was found that the particle size and the aggregation
degree are affected by the liquid ﬂow rate in the case of the SPF
conﬁguration and that the introduction of gas reduces particle
aggregation and decreases the size of primary particles, especially
for the higher liquid ﬂow rates studied. Further, the obtainedproducts show improved quality compared to commercial pow-
der or powder produced in the stirred tank batch reactor. Primary
particles are smaller, particle shape is more homogeneous, crys-
tallinity is higher, and the aggregation degree of the particles is
reduced as well as carbonate contamination. Finally, we believe
that even if the reactor studied in this work does not represent a
full scale production unit, it can be a useful contribution to the
development of a cost-effective platform for the continuous
production of high quality HAp nanoparticles.Acknowledgments
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